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INTRODUCTION 

The propulsion problems related to Project KX-794, 

(Projeot Wizard) Initially drew attention to the ram» 

Jet as a possible propulsion unit and performance esti- 

mates for various flight conditions were desired.    A 

brief survey of the  then existing methods of calculating 

ram-jet performance revealed that there were almost as 

many methods as there were groups investigating the ram- 

jet.    Host of the methods were purposely developed hold- 

ing constant certain important variables such as fuel- 

air ratio, various efficiency curves,  temperatures at 

the end of the combustion chamber, or general configu- 

ation, thus lacking the  latitude of applications desired 

of a general method of calculation.    Furthermore, Pro- 

ject Wizard is concerned with a wide rcjige of Llach numbers 

12-6)  and the methods then in general use incorporated 

certain assumptions which are not valid at high tiaoh 

numbers.    As a result, a method was devised Isee Ref. 6) 

Which is valid at high liach numbers of flight, has the 

generality desired and is believed to give accurate re- 

sults.    However,   this method is  quite lengthy and tedious, 

and does not make readily apparent the important vari- 

ables affecting performance.    Certain subsequent in- 

vestigations by Project Wizard using this method and the 

knowledge of sone relationships previously developed by 

another group (see Kef.  3, 4, 5)  led to the development 

of the simplified method presented in this report. 

M 
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aauutmr 
The method developed in this report penulta rapid 

calculation of ram-jet performance and still incorporates 

in a satisfactory manner the major effects of molecular 

dissociation in the combustion process and the variable 

specific heats of air as well as of the products of com- 

bustion.    Variables such as the diffuser, combustion, and 

nozzle efficiencies;  and operating factors,  such as the 

velocity of the air at the entrance to the combustion 

chamber and the fuel-air ratio, can be assigned any value 

considered practical for tue purpose at hand.    "Ehe general 

configuration of the ram-jet can be varied as desired and 

the temperature at the combustion chamber exit can be se- 

lected,  or allowed to assume whatever magnitude it will, 

depending on the particular conditions. 

The maximum possible velocity at the combustion 

ohamber entrance determined by the  fundamental equations 

of flow I that entrance velocity which produces sonic ve- 

locity or "choking" at the combustion chamber exit)  is 

easily found for any liach number, altitude, and fuel-air 

ratio.    Also, at low loach numbers of flight the existenoe 

of two solutions for the equations governing flow in the 

ram-jet combustion chamber is recognized and explained by 

the graphs and equations presented herein. 

Included in the last pages of this report is a con- 

densed outline of the method, with three typical calou- 

X 
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lations, each representing a common problem. Appendix I 

presents a discussion of the method for calculating ram- 

jet performance as given in Referenoe 6 regarding its 

application to the condition «here "choking" is present 

at the combustion chamber exit; and Appendix II is a dis- 

cussion pertaining to the magnitude of the velocity at 

the combustion chamber entrance as determined by design 

considerations and the "choking" oondition. 
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CONCLUSIONS 

1. The upper limit on the air velocity at the com- 

bustion chamber entrance, V«, for high Mach numbers of 

flight, imposed by the fundamental equations governing 

flow in a duct,  is well above the velocities at which it 

is possible to sustain combustion at the present time, re- 

gardless of fuel-air ratio.    Therefore, for flight at high 

Kaeh numbers, high velocities at the combustion chamber 

entranoe are theoretically possible if "blow-out" and other 

praotioal difficulties can be overcome. 

However,  since studies of the variation of the thrust 

ooeffioient, Ct, with changes in general ram-Jet configu- 

ration at high loach numbers of flight indicate that maxi- 

mum Ct is obtained when the cross-sectional area of the 

diffuser inlet aquals that of the combustion chamber; and, 

because at lower Kaoh numbers of flight, Vg is limited by 

the "choking" condition at the combustion chamber exit, 

it is not expected that combustion chamber entranoe ve- 

locities over 500 ft per sec will be praotioal except In 

very special instances. 

2. The stagnation temperature after combustion and 

the flow velocity at the combustion chamber entrance appear 

as important variables affecting ram-jet performance. 

3. The variation of the specific heats and the de- 

gree of molecular dissociation with temperature is appreci- 

able under the conditions encountered in a ram-jet at Kaoh 

y 
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numbero of flight greater than 2 with fuel-air ratios 

which give maximum thrust and can be accounted for in a 

simple manner as shown in this report.    The variation of 

the above effects due to different pressures at given 

temperatures can not be acoounted for without use of the 

Themodynamic Charts (see Heferenoe Z) and their accompa- 

nying lengthy calculations, but the variation is negli- 

gibly small compared with that due to temperature. 

X I 
w / 
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LIST 07 SYMBOLS 

area - sq ft 

acceleration - ft par aeo par MO 

velooity of sound - ft per sao 

thrust coefficient 

velocity of sound at stagnation temperature - ft par aao 

stream thrust - lb 

F 
iT a 

= specific stream thrust - aeo 

f  = weight of fuel - lb 

S 

T 

h 

*8P 

gravitational acceleration - 
o 

ratio of specific heats Ir11) 

ft par seo per see 

3 = 

U = 

m, = 

%   = 

In = 

fnp = 

enthalpy - Btu per lb 

fictitious enthalpy used to relate pressures in a 

non-isentropio adiabatio process 

actual enthalpy, assuming no losses through «all 

boundaries 

a conversion factor, 778 ft lb = 1 Btu 

= llaoh number 

= mass flow - slugs per seo 

= combustion efficiency based on heating value of fuel 

= diffuser efficiency based on energy considerations 

= nozzle efficiency based on energy considerations 

= nozzle efficiency based on total pressure considera- 

tions 

= diffuser effioienoy baaed on pressure recovery 

vV 
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^ = combustion efficiency based on 100 %agi 

P = pressure - lba per unit area 

Fr = pressure ratio (adiabatio processes - see Reference 1) 

H = gas constant - 5S.345 ft lb per lb per °B 

Sa = function of total temperature > see 

T = static temperature - °H 

">    = gross thrust lb 

Tt   sa total temperature - °H 

V     = flow velocity - ft per seo 

Wfi   = weight flow of air - lb per seo 

p     = density - lb per ou ft 

Subscripts: 

1, 2, 2', 3, 4, and 5 refer to stations (see Figure A) 
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II 

DISCUSSION 

A method for calculating ram-Jet performance at high 

llaoh numbers was presented in Reference 6. It success- 

fully accounts for molecular dissociation and variable 

specific heats, both of which have an appreciable effect 

on performance at high velocities of flight with the fuel- 

air ratios used (.0605, .0665 and .0762 by weight). Al- 

though the method presented in Reference 6 is quite lengthy 

and tedious, it is believed that the results obtained by 

its use will be accurate within the efficiency assumptions, 

calculation error, and chart (Reference S) accuracy, in 

accounting for variable specific heats and dissociation 

in the burning and expansion process. Thus the accuracy 

of any other simplified method may be evaluated with ref- 

erence to the results obtained therefrom. 

It Is known that the conditions at the entrance to 

the oombustion chamber and the amount of fuel added can 

uniquely determine the conditions after oombustion. It 

remains to express this relationship in a simple manner 

which will still account for the effects of dissociation, 

variable speolfio heats, etc Such a simplification would 

eliminate the use of the Thermodynamic Charts (Reference 

8) and their attending complicated calculations. There- 

fore, if variable specific heats and dissociation in the 

oombustion process are to be acoounted for, which appears 

necessary at high llaoh numbers, this relationship between 

the properties of the gases at stations 2 and 3 (see 
3 

1 
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Figure A) must In some manner incorporate previous cal- 

culations whioh have made use of either the Thermodynamio 

Charts or an equivalent method.    Also  the relationship 

should show the presence of two solutions at station 3 

(one  subsonic, one supersonic)  at low Lach numbers and the 

reason for disappearance of the supersonic solution at 

higher Lach numbers, as discussed in appendix I. 

An analysis of flow through a ram-Jet has been made 

by a group at JHU/AFL, Silver Spring, Ld.  (References 3, 

4, 5) where it was shown to be possible to express the 

conditions after burning as a function of conditions be- 

fore burning and heat added.    Their analysis as presented 

in these reports is believed aocurate for low flight Llach 

numbers (< 2) but is not adaptable to higher flight Lach 

numbers without revision, for the following reasons:    in- 

vestigations at the University of Michigan have shown that 

at Lach numbers greater than approximately 2.75, performance 

is impaired by the lack of a tail nozzle  I the configu- 

ration used by the APL investigators);  and the calculation 

of conditions through the diffuser by use of Lach number 

relationships based on constant specific heats is suf- 

ficiently accurate at wich numbers less than 2,  but at 

higher i.aeh numbers neither of the  above are recommended 

if maximum performance and accurate  results are desired. 

For instance,  if one were to use  the Lach number relations 

in calculating total temperature or the temperature after 

the diffuser at a flight Mach number of 6 at 3ea level, 

4260°R would be  the  result if a  specific heat  ratio  (Y)  of 
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1.4 were used, and 2390°R if a Y of 1.8 were used. Thus the 

variation of Y over this possible range I1.4-1.a) Is quite 

oritioal in such a calculation and the task of choosing the 

oorrect mean value is essentially one of trial and error. 

By using the Air Tables (Reference 1), as outlined In Ref- 

erence 6, where the varying specific heats are acoounted 

for, the temperature for the above conditions is found to 

be 3749°R. 

It is also generally known that a tail nozzle is a 

necessary item on the ram-Jet at high loach numbers, es- 

pecially sinoe its addition makes a considerable contri- 

bution to the thrust coefficient. The neoesslty of a tail 

nozzle at high Mach numbers of flight arises from the fact 

that the velocity at the entrance to the combustion chamber 

would be exoessive, accompanied by lowered pressure,if no 

nozzle were employed (mass flow constant for a given set 

of flight conditions), thus causing poor combustion efficien- 

cy and, probably, "blow-out". Also, for a ram-jet of given 

configuration, the lowest V„ possible without causing a 

spillover is desirable, because the thrust per unit mass 

flow in the duct decreases with an increase in V„. Thus the 

remainder of this report is an extension of the relation- 

ships already known to higher i*ach numbers, with a develop- 

ment that permits a clear understanding of the important 

functions. 

Combustion Chamber 

In developing the relationship between stations 8 and 

3 the following assumptions are made: 
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1. A cylindrical combustion chamber Is employed;   I.e., 

constant area burning. 

2. No heat losses occur through the  duct walls. 

3. Heating value of fuel is constant, 19,500 Btu 

per lb fuel ICH^gg ) 

4. Use of the arithmetical mean of specific heats 

in calculations between any two temperature limits 

sufficiently approximates the results obtained by 

the exact method for an adiabatic compression or 

expansion. 

5. No friotional losses in the combustion chamber. 

See page 6 for list of symbols. 

The   force-momentum equation makoo it possible to ex- 

press conditions at station 3 as a function of those at 

station 2 and the heat added, viz.- 

U) 

where 

v*2 
+ gH2> = *3i*3+ !H2> 

w. a 
— VA = ~ = nu = mass flow in slugs per sec 
6 6 • 

The difference in the magnitude of expression (1) between 

two points in a duct can be shown to represent the net force 

on the duct when integrated over the interior surfaoe as 

shown below. 
dv 

P 

! + &AP 

1 + AJ 

u + au 

=JL^ ... AA» 
"T  

I  * 
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Consider a small element or region of tbe duct, dv.    The 

foroe-iaomentum relation states that the net force exerted 

on the region is equal to the net out-flow of momentum per 

seo 

Force = ft.Au 

where mf is the mass flow undergoing the momentum change. 

Equating the forces acting on the region, dv, to the change 

of momentum of the mass flow, 

PA - (P + dp) (A + dA) + (P + |£) dA« = -Bj u + 

mf(u + du) 

= + HU dU 

Neglecting the products §*• dA* and dP&i and noting that 

PdA' is the reaction force on the wall, the Integral of which 

is the thrust on the body, 

PA - PA - PdA - AdP + PdA' • nu du 

PdA' = mf du + PdA + AdP 

Tbe total force on tbe duct from station 1 to 2 then 

becomes: 

Force (lbs) 
< 

'2 
PdA» = mfu + PA I- F2-*l 

Letting u = V, F represents the expression mfV + PA at any 

point and has been termed "stream thrust". 

Force = Fg - Fj^ 

= *ÄV8 + P2*2  "  lmflVl + PlV 

/ 

• 

1 
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Note that the expression 

F = A P +*- V* 

must he a constant from station 2 to 3 in the ram-jet, 

that is» any cylindrical section, sinoe d*.' = 0 and thus 

A PdA« = 0 i.e., Fg = F3 

actually there is some loss of stream thrust, 7,at 

the flame holders, which cen he expressed as 

2 loss at 2' • f. • F„,. 

Continuity of mass flow can be written as follows, using 

| = RT and C2 = YHTg; 

W = j>VA. 

_ pVgVBTA 

"   C2 

(2) W = Hit, 

Then, solving for PA and using the subscript o for ambient 

conditions: 

W C 
(3) ^o^o - M V g o o 

Also from the conservation of energy and the state equations, 

! 

• 
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(4) Co = 
-S°- 

[»¥\'] 
From (3) and (4) 

where Cgo is the velocity 

of sound at the stagnation 

temperature. 

(5) o o 
WoCso 

[i*¥*o8] 
i ^ 

also noting that 

(6) V'o+frO-W1* V>-»o 
The following can be written from (5) and (6) 

C) o so J    = o »o i   11 ra>' 2 

Writing 7 in lbs per lb of air per see for station 3, re- 

arranging, and multiplying by *fi   '  for a reason ex- 
V2ir+1) 

plained later, also noting that at station 3 the flow is 

(1 + f) lb of gas per lb of air,  - the following is obtained 

(8) 
F3     cs3V8ir+i)    (1+f) 
~      Tg  

1 + *r 5tf 
Ug^fsTm) [i + ^ u/\ 

Thus tbe following relationsbips are defined - 

(9) 
CB3V2(T+1)     (1+f) 

3a =  -vr 
and the liaeh number function 

• , 

I 
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' 

(9A) 0(11) = 1 + TO2 

K \/2(r+l) If^«2 

• 

(multiplying by *ei    Bf    serves to normalize the fcach 
V2(Y+1) 

number function so that 0(11) = 1 when Ll - 1).    Then 

(10) = sa 0(1^) lb per lb air per sec 

Figures 4 and 4A show 0(U) TS Lach munber for  three 

values of X,  two of which correspond to  the extreme limits 

of temperature to be expected at station 3.    The dis- 

placement of these curves due to the maximum variation in 

T is appreciable but the actual effect on the performance 

calculation can not yet be evaluated as these curves are 

used only indirectly in calculating the thrust coefficient, 

C..    Figures 4 and 4A are included in the report however 

so that Kg can be readily determined if desired. 

Figure 4B shows that for low values of 0(11),   10U-) = 1 

to 0111) a» 1.7), there are two solutions for the Lach number 

at station 3, one subsonic,  one supersonic.    Only the  sub- 

sonic solution is of practical interest, the supersonic 

solution being physically impossible.    The  supersonic so- 

lution disappears at values of 0(K) greater than approxi- 

mately 1.7,  as indicated above.    It can be  easily shown 

that 0(1«) approaches the limit •- „ for high l»ach vr - i 
numbers.    This limit io equal approximately to 1.67 and 

1.91 for Y = 1.25 and 1.175 respectively.    Then for 0(11) 

greater than approximately 1.9 only one solution for the 

{ / 

! 
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combustion chamber exit velocity is possible, the supersonic 

solution having disappeared.* 

In setting up the curves for fuel-air ratios  .0605, 

.0665 and .0782, L«  (and thus 0(1^)   from Figure 4A) was 

»This  is, after all, exactly what one would expsot aa the equation 

relating Mach nurabora  before and after a normal shook, 

1 • & v-" 
where Mj • the Haoh number before (hook, is derived from the same basic 

considerations, and it shows that for an increasing supersonic Mach 

number before shook there is a lower limit on the resulting subsonic 

Haoh number after shock.    So, conversely, one would reason that for 

certain subsonic Haoh numbers there co-oxist supersonio Uaoh numbers 

which would also satisfy the energy, force-momentum, and continuity 

equations even though they are of no practical significance for these 

flow conditions.    The supersonio Haoh number increases without bound 

as the subsonic Haoh number decreases to the lower value,J TC£i,  (lot H, 

become infinite in above equation sod evaluate) below which the sub- 

sonic Mach number has no co-existent supersonio Haoh number.    This 

lower subsonic value for which the supersonio Uaoh number disappears 

is approximately H . .37 for T- 1.4; and can be obtained by either 

the 0(H) equation (Uach number corresponding to 0(H) • ^.JL ,   or Ute 
V?z - 1 

Haoh number relation across a normal shook.    Thus the existence of the 

two types of solutions given in Figures 1 and la and discussed in 

Appendix I is verified and explained. 

I 

. 

! 

i . 
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calculated using the method given in Reference 6, which 

makes use of Thermodynamic charts. 

The curves shown for fuel-air ratios  .0499,   .0333 

and .01995 were obtained from calculations performed with 

the aid of Reference 7.    The chart in Reference 7 does not 

account for molecular dissociation as the effeot is un- 

important at tile lower temperatures encountered with the 

reduoed fuel-air ratios.    Because F_. if.. S_  can be v B    o  a 

found from 3 = a/» )'Jf— * "Shaa  the important effects of 

dissociation and variable specific heats in the combustion 

process are retailed end accounted for in the magnitude of 

3. when found in this manner, from Jnuation 9, it can be 

seen that 3 is dependent only on total temperature at 

station 3.  Thus, at a given combustion chamber inlet con- 

dition, Tt2, S is a function of the amount of heat added 

and has been termed the "beat release" or the "specifio 

air impulse" by some investigators. 

The temperature at station 3 can be calculated from 

the following equatlor which is obtained by solving for T„ 

in equation 19). 

T      B 
2R(l+f)2lY+l)ll + £ji i^2) 

From this it can be seen that a constant S    would Keep T„ 

approximately constant,  suggesting a convenient method of 

calculating performance  at a constant combustion chamber 

exit temperature.    For more accurate calculations,  vari- 

ation in ilj, snould be considered. 

r    t 
» 

» . 
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The effect which a large variation of pressure  160- 

5U00 pal) at station 3 has on S   was investigated and seems 

to be quite small, almost insignificant as far as the re- 

sults are concerned, but is large enough to -«arrant an ex- 

planation.    Aa pressure is varied, keeping the temperature 

at station 2 and heat added constant,  the position on the 

Thernodynamic chart of Reference 2 representing the state 

of the gas after oombustion moves horizontally.    As can be 

seen on the charts,  the constant temperature lines are 

not independent of the pressure.    The  slope changes slightly 

as pressure varies, the main cause being the varying de- 

grees of molecular dissociation at the same enthalpies and 

different pressures.    The method as outlined does not ac- 

count for this variation due to pressure, hence  there is 

no change in 0.   for different pressures with temperature 

constant at station 2.    Therefore,   for changes in altitude 

at altitudes where the  temperature gradient is zero (above 

35,332 - NACA Standard Air)  there is no change in Ct at a 

constant i^ach number, whereas, by ehe method presented in 

deference 6,  there is a slight increase in Ct above 40,000 

ft due to  the  change in pressure.    As previously stated, 

the variation of 01LUJ,  and thus 3    due  to the effects 

mentioned above,  was investigated over a range of pressures 

up to 5000 psi and found to be approximately 3%.    However, 

the error that does arise in the practical example is neg- 

ligible. 

As stated before, 3„  is a function of the total temper- a 

1 

- 

i 
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ature at station 3 and therefore it can also be said that 

it is a function of total  temperature at station 2 with a 

given heat addition.    S„ was plotted against the total 

temperature at station 2 for different fuel-air ratios 

Isee Figures 3A,  3B,  3C, 3D, and 3B).    These curves are 

convenient, as the total temperature at station 2 is a 

function only of --ach number of flight and altitude, and 

thus easily determined (see Figure 2A).    S_ has been plotted a 
for six fuel-air ratios, however, the curve of S    for any 

fuel-air ratio, aioh number and altitude can be obtained by 

cross-plotting from Figures 30 and 32. 

The magnitudes of S were calculated and compared for 

the combustion efficiencies, >( = 100% and 85 %, based on 

the heating value of the  fuel; and it was found that the 

sa for 7c = 85^wa8 95 % of the s
a 

Tor?/a ~ loo7°'    This 

fact oould serve to re-define the  ooribustion efficiency; 

that is, in terms of S   the new combustion efficiency, fjs 

would be 95 % for the instance where 85 % of the heating 

value of the fuel was actually utilized in combustion (see 

Figure 3A). 

it should be stated here that applying an efficiency 

factor to the heating value and then entering the chart is 

not entirely valid, as each Thermodynamic chart of Ref- 

erence 2 was made up for the  full heating value of the 

particular ll+f) mixture,    however,  after considerable 

investigation and various calculations it was concluded 

that the*error thus introduced is negligibly small. 

As was explained in the derivation,  the magnitude of 

I . 

' 
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9  .2 1 = A(P + - TT) is constant fron station 2 to station 3 ex- 

cept for flame holder losses.        Some interesting relation- 

ships can be derived from this equation.    When divided by 

the weight flow the  following results: 

For station 2 

Ilia) = £k + i e 

Thus Fg is dependent only on T„ and V and Involves no 

assumption regarding Y. The slope of the line ^ vs T„ can 
H * be readily seen as s . 
v2 

This relation presents a very convenient method for ob- 

taining gr* for different flight Uioh numbers and altitudes. 
a *3   *«• *B but the magnitude of y4 or ^B— , whioh is less than j»* by the 

B Q GL 

loss due to the flame holders, is, in general, required» 

Previously, as given in Reference 6,  the loss of pressure 

due to the flame holders was defined in terms of velocity 
oV2 

head, *sr» which can be represented as a force Al-A.    The 

effect of the change in p„ and 7. across the flame-holders 

can be neglected, as calculations prove the error to be 

very small.    Therefore 

112) 

or 

113) 

4 * -A = ?„ 

*«.  = *S 

npV2 

"2g~ 

t 

1 

» . 
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Where n • tue number of velocity heads loss.    dividing by 

tfie weight flow at station 2, where W   = weight of air 
• 

I14i 
F_,       Rx,      V 

Mote that wnen n = 2 

(XOJ 
73      HT2 
wa      v2 

2g 
F3 

^r- was calculated from Equation lla and has oeen 

pxotted versus static temperature for a range of V„,     oe- 
C»    3 

lleved practical at the present  (see Figure 3).    In order 
*3 nV2 to obtain cr- an appropriate value of sr^-should be  sub- 
a F2 S 

tracted from the *&• read off the graph,  commensurate with 
"a 

what one's knowledge of, or experience with,  flame holder 

losses dictates.    The difference between the   total and 

static temperatures at present day practical value of V z 
is negligible,  so that the same abscissa can be used for 

F„ as for S    without introducing appreciable error. 

Another interesting application of this family of 

curves (Figure 3) is the instance where sonic velocity 

exists at the combustion chamber exit.    From the  equation 

it can be seen that when 

a 

J#(I.L) and thus tU equals one.    Because ^(*0  can never be 

• 

1 
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less than one, nr- must always he equal to or greater than s  . 
"a a 

Therefore, if it is required to find the maximum possible V"2; 

that is, one which produces sonic velocity at station 3 for 

a given 3& and Tg (thus fuel-air ratio, Kach number of flight, 

and altitude) it is necessary only to enter Figure 3 with 

Fg • ?3 = Sft, neglecting flame-holder looses,  and read V~. 

Flame-holder losses can be taken into account by adding to 

F„ the amount of the loss, thus reading a slightly lower 

maximum V .    A more complete discussion related to the maxi- 

mum velocities possible at the  entrance to the combustion 

ohamber is given in Appendix IX. 

Thus,  from Figure 3, F_ can be found when V   and Tg 

are known,    o    can be found from Figures 3A-33 for the T„ a a 
and fuel-air ratio used.    Then 0(Ug) can be obtained from 

F„ = 3   ^(Ug)  >fa, and ilg can be found from Figure 4A. 

Exit Nozzle 

Next,  the  relation between K« and l»5 must be established. 

This is easily done, as the I-ach number at various points 

in a nozzle can be written as a function of the cross- 

seotional area, assuming isentropic (no shock)  flow. 

r        v_i      olan^T) 
K     u 

where subscript o denotes nozzle inlet conditions. Since 

the equation is "symmetrical" mathematically, subscript o 

may also denote nozzle outlet conditions. Thus, 1Ü* being 

equal to 1, the ratio of the area at the inlet or outlet 

to the area at the throat may be written 

- 

v . 
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(17) k-k »•¥tf 
~Y+T 

2 

äÄ) 

Figure 5 shows a plot of ö(L)   (obtained from Figures 

4,  and 4A for each Uach number) vs •"•0A+ representing sub- 

sonic flow from station 3 to 4 and supersonic flow from 

station 4 to S.    Three curves were plotted, of which two 

represent the extreme limits of Y corresponding to the 

temperatures possible  at station 3 and 5,  and it can be 

seen that the effect of Y on the magnitude of 0(lL)  is not 

noticeable until a 0(11) greater than 3 is attained, where 

the  curves separate.     In this region it is believed that 

if the mean value of Y were used the values obtained would 

be very nearly correct,  inasmuch as  she maximum possible 

error in p(t^)  due to Y is only 3 %.    Using this  curve, one 

need only know jtfllU).    ^(1U)  can then be obtained by going 

first to the  subsonic curve,  then vertically down to the 

abscissa,  reading off the area ratio Ag/Aj..    Then move a- 

long the abscissa to the proper AC/A* and up to the super- 

sonic curve,  then horizontally to the ordinate reading off 

0(lig).    If i- = Ac, as would probably be true in the prac- 

tical design, one can move vertically down from the  sub- 

sonic to the supersonic curve and thence  to the ordinate 

0(1.'.: ).    It can be seen that the  slope of the lower curve 

is very small at large area ratios, therefore,  as will be 

seen from the equation for Ct,  there is little loss in Ct 

due to making A- = A_ at magnitudes of jSU^)  greater than 

v . • 

I 
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2.5 or 3.0. 

This method of finding i>.r assumes a 100 % nozzle ef- 

ficiency, in order to allow for friction and other losses 

during expansion the following development ia given for 

nozzle efficiency based on total pressure. 

(18) 

119) 

(20) 

P3V3 = —sr~ • a o011»*0** 3 

Also  Cg • '•3 

"¥•%• 
-1      and P3 = • T3 

"¥V 
Substituting (19)  in (18) end reducing,  the 

following is obtained 

VraS^g 

's3 i*¥V 
Y3 + 1 

- ^£sEs£a 
2(V3-1) 

's5 i*¥V 
r5 + 1 

2rr^T) 

Noting that,  for an adiabatic process, C _ = C -; 

(21) 7* = ^ **_*>***    Y5 
1 • V1 «a 

. r3+i 
2Trpr) 

^"^S  ^ 
's-1    2 2TS7TT 

(22) 
PT5 r5 Let «— B //       and neglect the  term r   in vi 
iT3 np T3 

of the small effect it has on the magnitude of 

M 

. 
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(23)     -2- = 

V1 V1 

K 
2lY3-l) 

V1 

l 

V1      2 
V1 

i 
HVi) 

"s V1 

L       T 

fc) 
(»)      ^^.,w^> 

T i 

where subscript i denotes the area ratio corresponding to 

isentropic compression or expansion. 

This is a convenient expression, us the curves for any 

efficiency can now be plotted directly from the *j    = 100 % 

curve. Curves for »      = 90 % and 80 %  are shown on Figure 

5 and the choice of the proper efficiency can be left to 

the user's Judgment. 

The nozzle efficiency defined in terms of energy losses, 

as shown in Reference 6, assumes a value of 95 %.    The  ef- 

ficiency based on total pressure was calculated for a wide 

range of ii« and F_ and was found to vary from 80 %  to 95 % 

corresponding to a constant efficiency of 95 % based on 

energy. Thio data was plotted against Lg (see Figure 5A) 

and seems to show some lack of consistency, however, the 

indication of the general trend is somewhat significant. 

Here it might be stated that more information on nozzle 

l . 
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losaea and efficiencies under the conditions of flow en- 

countered in a ram-Jet would be welcomed. 

Thrust Coefficient 

The equation used in calculating C+ is developed as 

follows: 

(25) Thrust = A,  (,fl + |5 Vg2) . ^ (Pi + |1 Vi2) 

" ri (A5 " V 

which is similar to the equation given in Reference 6. 

Tg= M (V5  " V  + A5(P5 " *l* 

From Equation 25, 

Tg= Sa5 W V'a " Vl (1 + •1*] ' P1(A5 " V 

Then,  since 

C* = ,—%- = ,—Js— 
'I f gr*.   § HUTA 

as aa5 ~ aa3 the «ulworlpta can be dropped from the 3    term. 

c    _ .A«V \     VlV J^   I 

w*aPi\h = 
pi¥yA 

From which 

(86) C T = 2 jl /.^^        \      A 

As described before, the combustion chamber efficiency 
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can be applied to 3& and the product ?}s    z 3    actually 

used in the Ct equation. 

Diffuser 

Note that Equation 86,  is directly affooted by dif- 

fuser efficiency through the term \/^ which can be readily 

determined by a method similar to that given in Reference 6. 

The diffuser efficiency is still based on energy consider- 

ations 

(27) ?D = ^ 

which is the ratio of the isentropic change in enthalpy 

from Pg to t2 through the diffuser to the actual change in 

enthalpy. 

(88) »--1 
2 2 

*2V ssr + no - 3gJ 

T 

where subscript 1 denotes conditions 

at the diffuser entrance 

and subscript o denotes 

ambient conditions. 

Substituting (28) 

in (27) and solving for 

hgp the following is ob- 

tained 

(29) Ü2P = 5§J «V - Vg2) + h( 

where >/D is obtained from Figure 2B.    Also from the con- 

tinuity and state equations,  the following results: 

' 

\ v 
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(a) PiV^^pgVgAg 

(b) £ = RT 

P    P 
(o)    *. = %& 

2       pro 

and thus 

X.        F_     T       V_ 

±2 ro    *2    "1 

where Pr is the Pressure Ratio corresponding to an enthalpy 

or temperature (see Reference 1) and lr0 is the  final Pressure 

Ratio after a non-isentropic change in pressure through the 

diffuser corresponding to the hg~ from Equation 29.    The 

diffuser efficiency is also left undetermined so that it can 

be chosen to suit the particular problem.     (Figure 2B is in- 

cluded in this report as a basis for assumptions). 

At this point, it should be clearly understood that the 

above method also can be applied to a problem involving a 

fixed design ram-jet.     In the  fixed design calculations, the 

area ratio, A-/A_, would be known and thus V„ would be deter- 

mined by the following: 

V2 = 
Wl ro 

P   _T A„ r2 o 2 

Inasmuch as some investigators prefer to define diffuser 

efficiency on the basis of pressure recovery, the following 

equation may be used for obtaining V„ directly; 
p- VA 

•^»«-y? 

. 1 
• 

• 
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where IT, is the total pressure ratio lisentropic) and 

corresponds to h_y. Neglecting V in Equation 28, 

^v = sir+ h
0 

Figure 2 shows h vs Irr fron the Air Tables I Reference 

1) and also has tabulated krQ,  TQ, hQ, and C    Isonic velocity) 

for various altitudes within the atmosphere,  permitting 

rapid calculation of ram-Jet performance without reference 

to material other than what is contained in this report. 

3ome performance figures previously calculated by 

the method presented in Reference 6 were compared with 

those obtained for the same conditions by the method pre- 

sented herein, and the maximum error was found to be 5 %. 

The Sa term is largely responsible for this discrepancy as 

it is quite critical.    A small  error in determining the e- 

xact magnitude of 3    for a particular fuel-air ratio and T„ 

can cause a greater error in C^.     This also serves to 

demonstrate the critical nature of the efficiency of com- 

bustion,  as it directly affects S. 

* • 
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BHI3F OUTLINE OF kSTHOD 

(The following Is Intended as an aid and guide in cal- 

culating Ct for any Mach number, fuel-air ratio and altitude), 

For Riven Uaoh number of flight, fuel-air ratio, and 

altitude,  read the following data from Figure 2; h , C  ,  T, 

lr , and calculate vn   from lÄaeh number and C  .    Seleot a 0*1 o 
diffuser efficiency (Figure 2B) and an usable Vg and cal- 

culate h„ from 

h-    -IB    (V2 a
ZB      2gJ  lVl V» + ho 

From hg find Pr2, using Figure 2 or the Air Tables (Bef- 

erenoe 1), then calculate -^Mo from 

ja _ rroToY2 s o o 1 

The A-M» may be Unov/n, as in a fixed design, and the 

V_ thus determined by the diffuser efficiency; this is a 

method of trial and error, as a VQ must be assumed to cal- 

culate hgp, from which lr,, is found and thus Vg. However, 

Vg is not very critical in computing h_r so that usually not 

more than one re-calculation is necessary (see Sample Cal- 

culation I). 

From the  T_  (Figure 2A)  and V_,  read a2- from Figure 3 
nVT * a » 

and subtract 2g 

"2' 
for flame holder loss to obtain Also 

from one of the following;  Figures 3A,  3B,  3C,  3D,  or 32, 

read the S    for the fuel-air ratio and T •     (If considerable 

•     • 

» 

I 

. 
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calculation is anticipated for a particular altitude and 

luaob number or fuel-air ratio, the curve can be obtained 

by eross-plotting from Figures 3D and 3E.)    Calculate 0(1!*) 

from 

If 3    is greater than m-,either reduce S„  (the  fuel-air 
.*' • *i ratio), or vg.    (3ee Sample Calculation III).    ^   must 

a 
always be equal to or greater than 8    as &{VL) can not 

be less than 1.    Knowing 0(Ug), PU-^)  is obtained from 

Figure 5 for the nozzle efficiency expected, as indicated 

on the figure.    If the fuel-air ratio is low, at low 

flight speeds,  or at a high altitude,  any conbinatlon 

which would produce relatively low temperatures at the 

combustion chamber exit, one should use the 0(Mg)  and 0U-&) 

curves corresponding to the larger Y and conversely for 

expected high temperatures.    However,  the error in 0(Mg) 

due to using the mean Y" would never be over 1.5 7.    Then 

C+ con be calculated from 

H-% 
;/sa3a^t'Li5)  g 

')-% ra,2 

* . 

-I 



Page 32 DEPARTMENT OF ENGINEERING RESEARCH 
UNIVERSITY OF MICHIGAN Report No. UUI-7 

Sample Calculation I 

• 

iROBL'-il.:    To find Ct for the following conditions: 

Altitude • 40,000 ft 

Flight mach No. - 3.0 

Fuel-Air Ratio = .0333 lb fuel per lb air 

(50 % stoichiometrio) 

%  " -85 ^3 " '96) 

SOLUTION: 

1. From 

Figure 2 

f hQ = - 1.68 Btu per lb air 

». - .«• 

| CQ • 974;  Vx = 3CQ = 2922 ft per sec 

J TQ • 393°R 

2. From  Tg = 1085°R 

Figure 2A: 

3. From  ^D = 79 % 

Figure 2B: 

4. Select a Vg for initial calculation • 400 ft per sec 

h2P = % <vi2 - v
2
2) + K = Bollfc [^922>2 

-   (400)2J   - 1.68 =    130.4 

5. From Reference 1: 

t 

' 

• 
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±T2 =20.23 

6. _ frQTgVr*l _  .94  x 1085 x 2983 

^"KpA 20.23 x 393 x 1 = 374.9 

7.    Re-ealoulating hgp = g0
f^g  [l2922)2 -  1370)8]  - 1.68 = 

= 130.9 

from Reference 1,  Ir, = 20.39 

v   - *94 * 1085 x 29a2 - -V7i  a ft ,», ..« T8 -      20.39 x 393 - 371,9 ft per 8ec 

8.     From Figure 3 or calculate 

%  T  «   2e 

letting n = 1, 

IT - 17° - ^ = "*•* a. 

9.     From Figure  3D:    S& = 137 

10. ?/a 3a = .95 x 137 = 130.15 
a 

U«  W " ÄÄ " i'262 

» . 

• 
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12.     From Figure 5 011'^) = 1.05 for tj      = 88 % 

L 2'22 | 1.413)' 

C* = .85      for A. = A_ and 1:30 fuel-air ratio 

'" 

. 
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Sample Calculation II 

PROBLEM:       To find C* for the following conditions: 

Altitude = 20,000 ft 

Flight kaoh No. =4.0 

Vg • 200 ft per sec 

Fuel-Air Ratio = .0665 lbs fuel per lb air 

1100 % stoichiometrie) 

7^ = 85 7, tya   • 95/S.) 

SOLUTION: 

( hQ = 11.24 Btu per lb air 

1.  From 

Figure 2 ]   Co = 1037'55    Vl " 4Co " 4150'° " »er 8ee 

Vro = 1.474 

r   = 446.8"R o 

T2 = 1790°R 2. From 

Figure 2A 

3. From        7/JJ = .70 V» 

Figure 2B 

4« h2P = %  ^l2 " V22>  + hO - Wäfe Ul5°2 - 20°2) 

+ 11.24 m 251.3 Btu per lb 

5. From Reference 1,  lor Figure 2) 

lr2 = 92.23 (corresponds to hgi, = 251.3) 

I 

.'   / 

» 

• 
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7,    From Figure 3 

^ * 4M 

Flam« holder loss,  In • Z) - gj2- = B*J • 6.21    thus 

F, 
•S = 484 -  6.21 = 477.79 
"a 

8.    From Figure 3A 

Sa = 177.5 

»•               *3 = 3a *(V Wa                       W = TT*?! = 2'6*2 

10.    From Figure 5, taking ig = äJ 

0tMg) = 1.21 for ft      = 80 Ü (low according to 

Figure SA) 

„                 c    _2A1   fSa^)8         )           **, 

_ 2l .753)    177^5 fj0
2^ X 32'* - 1 2 

1.414)2 

| Ct = .914 | 

» 

• 
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Sample Calculation .ill 

1H0BL3J.::       To calculate Cfc for the following conditions: 

Altitude = Sea Level 

Flight Uach No. = 2.0 

V„ = 350 ft per seo 

Fuel-Air Hatio = .0605 (Lean)  (91 % stoiohiometrie) 
lb fuel per lb air 

'/o = ,85 l7sa • -95' 

SOLUTION: 

/ hQ = 28.56 Btu per lb air 

iT_ = 2.49 

JH 

1. From   I    v 

] C^ = 1117.50;    V. = 2C„ = 2235 ft per sec 
Figure 2        ° ' ° 

f TQ = 519.0Or 

2. From 

Figure 2A 

3. From       »D = .85 /; 

Figure 2B 

Tg = 920"H 

4. °2P = % (vl2 " v22) + ho " 5ölf§S l2235' - 35°8' + 

+ 28.56 = 111.22 Btu per lb air 

5.    From Reference 1: 

Pr2 =14.82 

*!  IT- T V. _ 14.82 519 350 _ 525 6-        AT • fr* 5s ^ ~ ^49 92Ö 2235- *52B 
•O -2^1 

7. From Figure 3 or calculate 

. . 

I 
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61 S 

(for two velocity heads, loss at flaue bolders 

• ••«iiP-M 

8.    From Figure 3B   s& = 160, which is larger than F3, thus 

p<l^) < 1; as this is Impossible 

either reduce s& or decrease Vg 

and re-calculate. 

9.    Seduce Sa to 140;  i.e., make mixture nore lean 

0(1%) = fa- = i  Ait,) = i 10. 
a a 

11. C    -Ü1 [5ttfa-il 2A5 

= 2i 5251 ri*0'2_;_3a.a _ , "I        l - 21.585) r       2äS5 I       sTT^) 

Ct = .714 ] 

. 

1 

» 



1 

i 

Report No. ULU-1/ DEPARTMENT OF ENGINEERING RESEARCH 
UNIVERSITY OF MICHIGAN Page 39 

REFERENCES 

1. it H. Keenan and J. *aye, "Thermodynamic Properties of 

Air."    First Edition.    New York,  John Wiley and Sons, 

inc.  (1945) 

2. R. L. Hershey, J. B. Eberh&rt,  and h. C. Hottel, 

"Thensodynamio Properties of the Working Fluid in in- 

ternal Combustion Engines."    New York, S.A.E. Journal, 

Vol. 39, No. 4,  Pages 409-424  (October 1936J. 

3. «IHU/APL, Cil-l.    "Momentum of Combustion", Philip Rud- 

nick (6 January 1945J. 

4. JHU/APL, CM-236.    "Ram-jet Thrust Coefficients and 

Specific impulse."    A. C. Beer.    (April 1946). 

5. JHU/AH. Bumble-üee Report No. 32.    "Analysis of In- 

ternal Flow in Ram-jets."    Thomas Davis and 4. R. 

Sellers.    (March 1946) 

6. University of ulchigan External kemoraudum No. 1, "An 

Analysis of the Performance Characteristics of the Ram- 

Jet Engine."    E. T. Vincent.   (25 January 1947). 

7. NACA    Tech. Note *.o. 1026.    "Charts of Theimodynamio 

Properties of Fluids Encountered in Calculations of 

internal Combustion engine Cycles."    H. C. Hottel and 

G. C. Williams.   (K.i.T.) 

I 
* 



Pag« 40 DBAHTMSNT or mommwo »«SEARCH 
UNIVERSITY or MICHIGAN Report No. mai-1 

Appendix I 

Validity of method presented In UMU-l (see Reference 6) for 

special oases« 

Ibis portion of the report is the result of an in- 

vestigation which had as its objective the presentation of 

evidence that the method presented in Reference 6 accounts 

for the particular condition of flow where a fciach number of 

one exists at the combustion chamber exit and that no solution 

could be obtained if a higher bach number would be required 

at this station.    During the course of this investigation it 

was found that the method of solution given In Reference 6 

gave two solutions at low flight velocities for the velocity 

at the end of the combustion chamber, one being supersonic 

and of no practical significance, while only one solution 

could be obtained at higher flight velocities.    This was 

somewhat unexpected and warranted further investigation even 

though the supersonic solution was only of academic interest. 

The worlc that followed led to the development of the method 

of calculation given in the main body of this report and the 

explanation given there regarding the presence of two so- 

lutions for the flow conditions at the end of the combustion 

chamber is believed adequate.    The following consists of a 

detailed description of the method of solution as given in 

Reference 6 and some representative graphical evidence which 

shows that the method is valid for the instances where sonic 

velocity exists at the combustion chamber exit and that the 

/ 
/ 
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method would give no solution if velocities greater than 

sonic ware required. 

Figures I and II show the  results of a series of cal- 

culations to determine the exit conditions from a cylindri- 

cal combustion chamber for various inlet air velocities IV„). 

See Figure A for the location of various sections referred 

to as station 2, 3, etc    The method is by trial and error; 

i.e., a value is assumed for V3, and by satisfying the energy, 

force-momentum end state equations, trial values of i~, p., 

and T- are determined.    Then,  satisfying the continuity of 

mass flow equation determines if the proper V« was initially 

chosen.    Figure 1 is a plot or the trial solutions for var- 

ious combustion chamber inlet velocities at a flight iiaoh 

number of 1.75 at 40,000 feet with a fuel-air ratio of .0665. 

This diagram plots the initially assumed velocity at station 

3 against the  final velocity determined by the continuity 

equation, after having satisfied the energy, force-momentum, 

and state equations,    it follows that the assumed V- which 

gives a calculated V- of the same magnitude is the correct 

solution for the flow at the conditions of the problem. 

Thus the curves of Figure I and LA show the calculated V. 

plotted against the  assumed V„ for various values of com- 

bustion chamber inlet velooity lVg).    The straight line in 

both figures having a slope of 1 is necessarily the locus 

of all solutions for V3;  i.e., the assumed velooity equals 

the calculated velocity.    Therefore, the  intersections of 

eaoh curve with the straight line are V3 solutions for the 
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particular conditions represented by the ourva. 

A point worth noting is the small difference in the value 

of Vg necessary to give two widely spaced solutions, or no 

solution.    For instance, in Figure i the 7Q solutions for a 

Vg or 2u5 ft per sec are 8305 ft per sec and 310S ft per sec 

while for a Vg > 207 no solution is obtained.    Xhus the method 

under discussion can be employed with a high degree of a accu- 

racy to obtain the Vg that produces choking, but only after 

considerable calculation and work involving the 3he nondynamic 
Charts.    I Reference Zi. 

in the Instance where no solution appeared IV_ = 20b ft 

per sec in Figure i) the heat addition ifuel-air ratio) was 

decreased and a solution proved to be possible,    'flius it is 

established that the method under discussion would offer no 

solution if conditions in the combustion chamber entrance 

were such that for a given heat addition, velocities greater 

than the local sonic velocity would be required at the  end of 

the combustion chamber.     Consequently,  it is concluded that 

the data presented in Reference 6 does represent possible 

solutions to the problem as there outlined despite some dif- 

ferences with the conclusions derived by other investigators. 

••*-. »..^,... „Ä _._, 
'•V^viwv• 
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Appendix II 

ProDable Magnitude of the Air Velooity at the Sntranoe to 

the Combustion Chamber. 

it is of interest to note from Figure 3 that at those 

values of 'i'z corresponding to high uach numbers 15,6) the 

upper limits of the combustion chamber entrance velocity, 

Vg, established by the fundamental equations governing flow 

in a duct are of the order 700-1000 ft per seo for a maxi- 

mum 3    (approximately atoichiometric fuel-air ratio).    As 

the fuel-air mixture is made more lean, reducing a  , the 

maximum V„ increases even more,    nowever, the applications 

of a particular ram-jet design that would use these ex- 

cessively high velocities are believed very limited, for the 

following reasons: 

At low üiacn numbers, say those less than 2.8to 3.0, 

the maximum C^ is obtained by using maximum 3   with the 

corresponding maximum Vg suca that sonic velocity exists 

at the combustion chamber exit;  i.e., no nozzle required - 

open tall exhaust.    At higher u.ach numbers the ram-jet 

configuration corresponding to maximum Ct lA.  = Ag) serves 

to limit Vg.    .figure 6 shows how this maximum V„ varies 

with loach number at various fuel-air ratios, and also how 

it varies for A^ = A_. 

At low wich numbers the ratio of the diffuser inlet 

area to the combustion chamber area, An/A-, would neces- 

sarily be less than unity,  and as the Lach number increases 
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the S. i*. curve of "Vg for A» = A« 

at a constant altitude,   for example, the diffuser inlet, A,, 

would be made larger, thus increasing V„,  keeping 1„ equal 

to Sa, and therefore, Vg equal to local sonic velocity, until 

A^ equals Ag.    un ilgure 6 this would mean moving along the 

3. L. - .0665 fuel-air ratio curve to its intersection with 

At this point the best 

Ct possiDle for that particular altitude of flight and fuel- 

air ratio will be attained vsee i'igure 1).    As the ram-Jet 

accelerates further to higher i»aoh numbers, A,   should be 

kept equal to Ag and a tail nozzle should be used,  whose 

area ratio varies as required by Ug.    if A.  is made greater 

than Ag, the c.   preferred to the maximum frontal areaj will 

decrease, because this win cause on increase in V    and,  as 

was establisned in Reference  6,  the thrust per ID of air de- 

creases witn an increase  in V_.    it also follows that if S„ a a 
is reduced at constant flight conditions I by reducing fuel- 

air ratio)  the  diffuser inlet area A.   snould be opened up 

increasing V„.    Thus, \-  is  ^ept equal to  the local sonic 

velocity until A,   equals A-, at which point further reduction 

in S    would necessitate a nozzle,    figure 6 shows that for 

the  .U0G5 fuei-air ratio, which would, be used to obtain the 

greatest C,, the maximum V    is approximately 45C ft per sec 

\intersection of S. 1>.   .0665 curve with ö. L. »-.  — &„ curve), 

it also can be seen that the*diffuser efficiency afreets 

tnis peajt, causing an increase in tne maximum vg for a less 

efficient diffuser. 

Bougn calculations seem to indicate that tne maximum 

specific impulse, Ig,  occurs at a fuei-air ratio of ap; roxi- 

'J 

> •-• 
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mataxy  .04;   for tills reason,  tue curve corresponding to 

a fuei-air ratio of .u4 was axso sketched on iigure 6,  and 

tne maximum Vg for this curve appears to oe 4ou ft per sec. 

Thus,  the maximum V   that would ever fce considered in 

de signs where eituer waxii.iuiu C.   or maximum specific u pulse, 

Ig,   vreduced So) were the  primary objectives would be some- 

thing less than 500 ft per sec, unless these assumed dif- 

fuser efficiencies prove to be too optimistic. 

• (la 

1 
/ 
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FUEL 
I      FLAME HOLDER 

DIFFUSER 
/ 

£ COMBUSTION 
£ CHAMBER NOZZLE SECTION 

I 
2' 

FIG.  A RAM-JET STATION DESIGNATION 
(REFERRED TO AS STN.   2,  3 ETC.) 
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